ABSTRACT: While continuum descriptions of oxide film growth are well established, the local structural dynamics during oxide growth are largely unexplored. Here, we investigate this using scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) for the example of alumina film growth on NiAl(110) following NO 2 exposure. To maintain a well-defined system, we have adopted a cyclic growth approach of NO 2 adsorption and annealing. NO 2 adsorption at 693 K results in the formation of a vacancy island pattern in the NiAl(110) substrate, which is filled with AlO x by diffusion of O through the alumina film. The patches of AlO x coalesce to form smooth terraces upon annealing to 1200 K. By repeated cycling, we have grown films of up to 0.9 nm thick. While peak shifts in the XPS spectra indicate that the film maintains its insulating character upon thickening, our STM data show that there is a finite density of states within the band gap. The thickening of the alumina film is accompanied by the formation of trenches in the surface, which we interpret to be the result of film stress relief.
■ INTRODUCTION
Oxide films find wide use as a result of both their chemical and electrical properties. Some oxide films, such as IrO 2 , provide extraordinary catalytic activity, while others, such as Al 2 O 3 , are employed mainly because of their chemical inertness. Efficient electrical insulation can be provided by nanoscale oxide layers, such as SiO 2 and HfO 2 . In all of these applications, control over the layer thickness, the structure, and the stability of the oxide films is essential. Therefore, the growth mechanisms of oxide films have been the subject of intense investigation for decades.
Phenomenologically, oxide film growth by oxidation of a metal substrate is described well by the Cabrera-Mott model 1, 2 for thin films (<20 nm) and the Wagner model 3, 4 for thicker films. In both models, the initial step is the adsorption of the oxidant (O 2 for instance) on the oxide layer. Subsequently, electrons are transferred from the metal substrate to the adsorbed oxygen atoms or molecules. For thin films, this process occurs primarily via tunneling and results in the formation of an electric field (the Mott potential). This field provides a driving force for the diffusion of ions, thus allowing for oxide film growth at relatively mild temperatures. However, the field strength decays as the film thickens. Hence, for thicker films ion diffusion is a mere thermal process as described in Wagner's model.
While the Cabrera-Mott and Wagner models provide a meaningful generic picture of the most essential processes underlying oxide film growth, many system-specific properties are not taken into account. For instance, the atomic and electronic structure of the oxide often changes as a function of film thickness. 5−8 As a result of this, the adsorption of oxidant molecules may also show a thickness dependence. 5 Furthermore, the oxide film may not grow in a uniform layer-by-layer fashion as implicitly assumed by continuum models. Thus, surface roughness may develop.
From the examples mentioned above, it should be clear that detailed knowledge of the atomic-scale processes on oxide films is required for a full understanding of oxide film growth. Crystalline oxide films grown on metal single crystals provide an excellent platform to gain such detailed insight. Because of its technological importance, alumina has been one of the main subjects of these model studies. A range of crystalline alumina films can be prepared on nickel−aluminum single crystals. 9−13 The rates of film growth in oxidants, such as O 2 , H 2 O, and NO 2 , vary strongly for these films. 6,10−17 In particular, the films with unsaturated aluminum surface sites 13 or structural disorder 13, 15 are reactive, as they readily adsorb molecules from the gas phase. The alumina film on NiAl(110) is among the least reactive, which can be attributed to its dense packing of oxygen atoms at the surface. 18 Under ultrahigh vacuum (UHV) conditions, film growth using O 2 could only be achieved on this surface at temperatures above 770 K.
higher, allowing for substantial film growth at room temperature in UHV. 16 While the studies mentioned above have given detailed information on the reactivity of alumina films, the experimental evidence was nearly exclusively obtained from laterally averaging techniques, in particular from TPD, X-ray photoelectron spectroscopy (XPS), and low-energy electron diffraction (LEED). Thus, little is known about local structural variations and surface roughness evolution during film growth, which can provide important insights into the individual steps in the film growth process.
To follow the local surface structure during oxide film growth, we have used scanning tunneling microscopy (STM) to study the structural evolution of Al 2 O 3 /NiAl(110) resulting from NO 2 exposure. By employing a cyclic adsorptionannealing procedure, we have maintained the crystallinity of the oxide layer, thus assisting the identification of the observed structures with atomic-level detail.
■ METHODS
The experiments were carried out in a home-built UHV system described in detail previously. 20−22 The system consists of a preparation chamber with a corrosion-resistant turbomolecular pump, an XPS chamber equipped with a commercial SPECS Phoibos electron analyzer and a monochromated X-ray source (Al anode) and an STM chamber with a home-built STM system, run via in-house developed electronics.
The NiAl(110) specimen (purchased from Surface Preparation Laboratory) 23 was cleaned in situ by cycles of 1.5 keV Ar + sputtering and annealing at 1300 K. The initial alumina layer was formed by three cycles of 5 × 10 −6 mbar O 2 exposure at 550 K and subsequent UHV annealing at 1100 K (1050 K in the final cycle). 9 The cleanliness and crystalline quality of the surface were checked by XPS and STM before further use. NO 2 (Sigma-Aldrich >99.5% purity) was dosed via backfilling of the preparation chamber.
In the XPS experiments, the X-ray incidence angle was set at 54°off normal, while the photoelectrons were collected along the surface normal. The spectra were analyzed using the CasaXPS software package. 24 For the Al 2p/Ni 2p region, a linear background subtraction was applied, while a Shirley background subtraction was used for the O 1s spectra. The energy scale was calibrated using the Al 0 2p and O 1s peaks of the initial alumina film (before NO 2 exposure), in accordance with literature values. 14, 16 Peak fitting was performed using the standard Gaussian/Lorentzian curves implemented in CasaXPS. The Al 2p/Ni 2p region was fitted using three doublets. While it is known that this region in fact consists of four contributions, 14, 16 the two Al 3+ contributions (surface and oxide-metal interface species) could not be resolved individually using our lab source. Each p-doublet was forced to obey the 3:2 intensity ratio, appropriate for a spin−orbit split p-tocontinuum transition. Furthermore, the full widths at halfmaximum of the two peaks in every doublet were set equal to each other.
The oxide film thickness can be calculated both from the Al (1)
In eqs 1 and 2, d is the film thickness, λ i is the effective attenuation length for electrons originating from species i, θ is angle between the analyzer and the surface normal, I i is the measured XPS peak area for species i, and α and β are proportionality factors taking into account sensitivity and geometrical factors. The proportionality constants were calibrated using the spectra of the initial as-prepared alumina film, which is known to be 0.5 nm thick. 18 For λ Al3+ , λ O and λ Ni , we found 26 2.85, 2.04, and 2.88 nm respectively, based on the known structure of the alumina film. 18 To enable a comparison to the results from Staudt et al., 16 we calculated the oxide film thickness from the I Al3+ /I Al0 ratio given in their work using eq 1, with λ Al3+ = 0.305 nm (note that this was synchrotron data recorded with 150 eV incidence energy, resulting in a much lower value for λ Al3+ ).
The STM measurements were carried out in vacuum at room temperature. Cut Pt 0.8 Ir 0.2 wire (ø 0.25 mm, Goodfellow) was used as the tip material. The images were recorded and analyzed using the Camera 4.3 software, developed in-house.
■ RESULTS NO 2 Exposure at 693 K. To investigate the structural evolution of the oxide film during NO 2 adsorption, we exposed an alumina film that had been prepared using O 2 to 5 × 10
mbar NO 2 for 5 min at 693 K and subsequently imaged the sample using STM at room temperature. Figure 1a shows the initial alumina film. Wide terraces are observed, on which the signature of the atomic structure of the Al 2 O 3 /NiAl(110) The Journal of Physical Chemistry B Article surface can be recognized. The film shows some vacancy islands, in which the same film structure is recognized, indicating that the alumina film also has the well-characterized 18 two-layer structure here. Hence, the vacancy islands are locations where the metal NiAl(110) substrate has a vacancy island rather than the alumina film (see inset of Figure 1a ). For the interpretation of morphological changes that occur upon NO 2 adsorption, it is important to consider the insulating character of the alumina film, and its appearance in STM. Due to the band gap of the aluminum oxide film, almost no tunneling occurs from the film to the tip at the sample bias employed here. 27, 28 Hence, the tunneling current signal predominantly reflects the tunneling behavior of the NiAl(110) substrate. The presence of the alumina film likely lowers the tunneling barrier. The extent to which the barrier is lowered varies locally, allowing one to observe the atomic structure of the alumina film.
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With this picture in mind, we can interpret the morphology changes in the sample following NO 2 adsorption, shown in Figures 1b−d. The terraces observed on the as-prepared film appear to break up into a finer-scale two-level pattern. As NO 2 decomposes completely at the employed temperature, 16 one can exclude the formation of an Al(NO x ) y compound as a cause for this behavior. The height difference between the levels is 0.19 nm, which is very close to the step height measured on the as-prepared alumina film (0.21 nm). In the latter case, the measured step height reflects the monatomic step height of the NiAl(110) substrate, since the film is two alumina layers thick over the entire surface (see inset of Figure 1a) . Hence, the observation that the two-level pattern has the same height implies that vacancy islands have been formed in the NiAl(110) substrate. Consistent with this, two-level patterns as observed in Figure 1 are typical for surface etching in combination with limited diffusion. 29, 30 The observation of vacancy islands in the NiAl(110) substrate indicates that metallic Al has been oxidized. Indeed, Staudt et al. observed an increase in the Al 3+ contribution in their XPS spectra, even when dosing NO 2 at room temperature. 16 The vacancy islands could either be voids between NiAl(110) and the alumina film, or areas where Al has been replaced by AlO x , which is invisible to STM. The exsistence of voids seems unlikely in this case, as it implies a large amount of dangling bonds. Given the intimate binding between the NiAl(110) substrate and the alumina film, 18 this appears energetically unfavorable. Moreover, voids usually adopt a (near) spherical shape to minimize the amount of dangling bonds. In the present case, the vacancy islands are only a single layer deep.
The Al oxidation is followed by diffusion of either Al cations or oxygen anions through the film to form a new oxide layer. In the case of cation diffusion, the new oxide layer will be formed on top of the oxide film. In contrast, anion diffusion will result in oxide growth at the NiAl/Al 2 O 3 interface. Which of these scenarios prevails is system-dependent. 31 In the oxidation studies on Al 2 O 3 /NiAl(110), it is sometimes assumed that Al 3+ diffuses to the surface. 14, 32 However, this assumption seems incompatible with the fine etching pattern observed here. If the Al 3+ ions formed during oxidation of the NiAl substrate diffuse through the film, the preexisting alumina film would have to be broken up in order to fill the vacancies that the Al 3+ ions leave behind. For a fine vacancy island pattern observed here, this would involve a significant amount of bond breaking. Thus, we suggest that it is not Al 3+ , but O 2− that diffuses through the alumina film, filling the vacancy islands in the NiAl(110) substrate with AlO x .
In the situation described above, where the new oxide grows at the oxide-metal interface, the physical height of the sample changes little. When Al from the substrate is converted to nonconductive AlO x at the same location, a vacancy island will be observed in STM, even though the topographic height of the surface has remained equal or is even slightly higher. The presence of the alumina film only affects the tunneling barrier. This effect is stronger at locations where the film has three layers rather than two. This could explain why the observed step height (0.19 nm) is slightly less than the NiAl(110) step height (0.21 nm). 
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Article A more detailed inspection of Figure 1b and c shows that the two-level pattern is homogeneous over the surface, without alterations around the step edges of the substrate. This implies that NO 2 adsorption and the subsequent oxidation of the NiAl substrate have no preference for step edges. Based on the densily packed oxygen termination of the perfect alumina film, 18 this is a surprising finding. One may speculate that the defects on the oxide film's terraces play an important role in facilitating the NO 2 adsorption. For metal adsorption on the alumina film, it was shown that these defects bind significantly stronger than the perfect terrace sites. 33 Summarizing, we suggest the following oxidation mechanism.
(1) Metallic Al at the NiAl(110)-alumina interface is oxidized. (2) Oxygen anions diffuse through the alumina film, forming a AlO x nucleus at the NiAl-alumina interface. (3) The AlO x nuclei coalesce into islands. As these islands replace the metallic Al that was initially present at the NiAl-alumina interface, they appear as vacancy islands in the STM images.
Adsorption-Annealing Cycled Growth. To investigate the dependence of the film growth properties on film thickness, while maintaining a crystalline oxide film, we adopted a cycled growth strategy. Every cycle consists of NO 2 adsorption at a pressure of 5 × 10 −7 mbar and a temperature of 693 K for 5 min, followed by annealing in UHV at 1200 K for 7 min. Figure  2 shows XPS data obtained using this approach. As expected, a clear rise in the Al 3+ /Al 0 ratio is apparent in the Al 2p/Ni 2p spectra following oxidation cycling, indicating film growth. Concomitantly, the O 1s peak rises. Using the spectral decomposition described in the Methods Section, the Al 3+ 2p, Al 0 2p, and Ni 2p contributions were quantified and compared to the O 1s intensity. The Al 0 2p/Ni 2p peak area ratio is unaffected by the treatment, showing that the annealing step suffices to replenish the oxidized Al at the oxide-metal interface. Furthermore, no nitrogen was detected, indicating that the film is fully oxidic. Finally, the O 1s/Al 3+ 2p ratio remains constant, hence there is also no change in stoichiometry in the oxide film. This is in agreement with the observation here and in the literature that the LEED pattern remains constant (see Figure 2d ) for films with a thickness up to at least 1.4 nm. 34, 35 The film thickness calculated using the Al 3+ /Al 0 2p ratio yielded results equal to those obtained from the O 1s/Ni 2p ratio, indicating that the spectral decomposition of the Al 3+ and Al 0 components was accurate. Figure 2c compares the film growth rate obtained in the present study to data from Staudt et al., who exposed their sample at room temperature. Remarkably, the calculated growth rates are very comparable, even though in the present case we have dosed NO 2 at much higher temperature. Two causes can be identified for this. First, at room temperature the Al 0 concentration in the near-surface region will be depleted, as transport from the bulk is slow at mild temperatures.
14 Since eq 1 does not take this into account, the calculated film thickness is an overestimation. Nonetheless, we point out that the depletion of Al even at the oxide-metal interface was not high enough to prevent further film growth in the compared region. A second reason could be that the film crystallinity deteriorated in the room temperature experiment. Such a defective oxide may facilitate easier adsorption and ion diffusion. In addition to these two causes one could imagine that oxygen is lost from the alumina substrate during the annealing step. However, we established that additional annealing does not lead to a loss of oxygen.
Following the NO 2 treatment, both the O 1s and Al 3+ 2p peaks shift to higher binding energies. This can be understood as follows. The core holes created in the alumina film during photoionization cannot be screened by the film itself, due to its insulating character. For thin films, partial hole screening is nonetheless accomplished by the NiAl substrate. As the film grows, this mechanism becomes less effective, resulting in an interaction between the departing photoelectron and the core hole that stays behind. Thus, the photoelectron will be emitted from the surface with a reduced kinetic energy, resulting in a higher apparent binding energy. After 4 oxidation cycles, the O 1s and Al 3+ 2p peaks shift slightly back. This could be due to an increase in the number of defects in the film, which increases the density of states in the band gap, effectively increasing the film's conductivity. Corroborating this, Staudt et al. observed much smaller peak shifts after dosing NO 2 at room temperature (highly defective film). 16 Upon subsequent annealing (crystallization) the peak shifts increased. Figure 3a shows the film morphology after two complete adsorption-annealing cycles of NO 2 treatment. Clearly, the annealing results in sintering of the vacancy islands that were observed in Figure 1 , rendering smoother terraces. Nonetheless, the density of islands and vacancy islands is much larger than that of the initial two-layer film. Analysis of the observed step heights shows that single steps in the NiAl(110) substrate are no longer dominant. The height line in Figure 3b exemplifies this, showing step heights of 0.15 and 0.3 nm. Only vaguely visible in Figure 3 , vacancy islands with a step height of less than 0.1 nm are observed. Such steps are smaller than monatomic height. This implies that there are either multiple Ni x Al y phases present at the metal-oxide interface, or that the oxide film itself affects the tunneling current. Since the XPS and LEED data indicate no change in the film and interface structure, we interpret the observed step heights as due to the alumina film.
The alumina film can affect the tunneling signal in two ways. As pointed out in NO 2 Exposure at 693 K Section, the film reduces the (average) tunneling barrier, with an extend that depends on the film thickness. Local variations in film thickness may therefore affect the apparent height observed in STM images. Second, electrons may tunnel from the alumina film itself. For the initial, high quality two layer film, the tunneling electrons predominantly originate from the NiAl substrate. As the film thickens, the STM tip will have to move closer to the alumina surface in order to obtain the desired tunneling current. As the tunneling probability has an exponential dependence on the tip−sample distance, even a very low The Journal of Physical Chemistry B Article density of states around the Fermi level in the oxide will cause a significant tunneling current. Thus, if there is a finite density of states in the band gap of the alumina film, it will become visible in STM.
In NO 2 Exposure at 693 K Section we observed that a change in tunneling barrier due to a variation of 1 layer of alumina only has a minor effect on the observed NiAl(110) step height (0.19 nm versus 0.21 nm). Therefore, this mechanism cannot be the sole explanation for the behavior observed in Figure 3 . Thus, we conclude that the alumina film contributes to the tunneling current, implying that it is not a pure insulator, but rather contains a finite density of gap states. Figure 4 shows the film morphology after 3 oxidation cycles. While the number of small islands appears to have decreased, trenches develop in the surface. The depth of these trenches often exceeds 1 nm. This indicates that these are genuine trenches in the surface, rather than local regions of extra thick oxide film (the STM tip would have crashed into the surface at these "trenches" otherwise). Thus, the NiAl substrate has not only been etched in the trenches, but Al 3+ diffusion must have occurred too in order to relocate the oxide film. This is in contrast to the first stages of film growth at 693 K, in which all vacancy islands in the NiAl substrate were filled with oxide. We interpret this striking observation as follows. First, we note that the structure of the alumina film is not that of a bulk alumina phase. This is due to the interaction with the substrate, which forces the alumina film to adopt a structure that slightly deviates from the ideal. Hence, as the film grows thicker, stress builds up, both in the alumina film itself and in the top layers of the NiAl substrate. Discontinuities such as steps and trenches relieve this stress. Trenches are particularly favorable, as they are able to relieve stress also in deeper layers. Thus, there is a thermodynamic driving force for the formation of trenches, which takes place even though the serrated step edge morphology of the surface shows that the surface is not able to equilibrate fully. Finally, we discuss the possible applications of the thickened alumina film. As shown in Figure 4 , the film maintains a high degree of crystalline order, even at the level of scrutiny of STM. This makes the thicker alumina films suitable as substrates for well-defined surface-science studies. Al 2 O 3 /NiAl(110) with a film thickness of 0.5 nm has been widely used as a substrate for model nanoparticle catalysts. 28,36−38 However, charge transfer between the nanoparticles and the metal substrate is commonly observed when using such ultrathin films, 39,40 possibly causing these model catalysts to behave differently from their industrial counterparts. The use of thicker alumina films could reduce these differences. One might also imagine a higher chemical stability for the thicker alumina films. For the 0.5 nm film, nanoparticles catalyze oxide film growth in O 2 , 37,38,41 rendering the film sensitive at room temperature even to UHV exposures. For the example of MoO 3 nanoparticles, we have established that this catalytic mechanism remains active even in case of the thickened alumina films. Thus, the thicker films do not provide a sufficient barrier to guarantee full chemical stability.
Apart from its use in catalysis, the Al 2 O 3 /NiAl(110) system has also been discussed as a model system for metal− insulator−metal devices 35, 42 and nanoelectronics. 32 In such cases, the most essential properties are the film's insulating characteristics. The shifts in our XPS peaks clearly establish that the insulating character of the alumina film is maintained upon thickening. However, our STM data suggest that the film exhibits a finite density of electronic states within the band gap, which should be interpreted as an imperfection in the insulating character. Furthermore, the thicker films do not have a uniform thickness, which could be detrimental to the tunneling properties for metal−insulator−metal devices. Thus, while the film could serve as a good model for a realistic device, the behavior will likely not be ideal.
■ CONCLUSION
We have used STM to explore the local structural rearrangements of Al 2 O 3 on NiAl(110) upon NO 2 exposure. NO 2 adsorption at 693 K makes the alumina grow at the oxidemetal interface, consuming metallic Al in the process. Due to diffusion limitations, this results in a fine etching pattern where patches of alumina and NiAl of a few nanometer in size are mixed. Annealing at 1200 K allows for island coalescence, yielding smooth terraces. Under these conditions, the metallic Al at the oxide-metal interface is replenished.
To examine the film growth properties at various film thicknesses, while maintaining a well-defined character in the alumina film, we adopted a cyclic growth method. Each cycle consisted of NO 2 adsorption for 5 min at 5 × 10 −7 mbar and 693 K, followed by annealing at 1200 K for 7 min. Observations by LEED and STM, and XPS measurements of the O/Al stoichiometry indicate that the crystal structure of the alumina film is maintained during the cycled film growth in the investigated thickness range (0.5 to 0.9 nm). The large-scale morphology is modified, however, showing a decrease in terrace size. After 3 oxidation cycles, the development of trenches is evident. We interpret this as the result of stress relief. Such stress is built up as the film thickens because the film−substrate interaction forces the alumina film to maintain a structure that deviates from that of bulk alumina phases.
Our XPS results indicate that the alumina film maintains an insulating character during film growth. However, our STM data show that some, possibly very low density of states must be present in the band gap. 
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